Abstract Purpose
Abstract Purpose To assess the benefit from adjuvant systemic tamoxifen therapy in breast cancer risk groups identified by the previously established prognostic 76-gene signature. Methods In 300 lymph node-negative (LNN), estrogen receptor-positive (ER?) breast cancer patients (136 treated with adjuvant tamoxifen, 164 having received no systemic adjuvant therapy), distant metastasis-free survival (DMFS) as a function of the 76-gene signature was determined in a multicenter fashion. Results In 136 tamoxifen-treated patients, the 76-gene signature identified a group of patients with a poor prognosis [hazard ratio (HR), 4.62; P = 0.0248]. These patients showed a 12.3% absolute benefit of tamoxifen in 10-year DMFS (HR, 0.52; P = 0.0318) compared with untreated high-risk patients. This represented a 71% increase in relative benefit compared with the 7.2% absolute benefit observed for all 300 patients without using the gene signature. In the low-risk group there was no significant 10-year DMFS benefit of tamoxifen. Conclusions The 76-gene signature defines high-risk patients who benefit from adjuvant tamoxifen therapy. Although we did not study the value of chemotherapy in this study, low-risk patients identified by the 76-gene signature have a prognosis good enough that chemotherapy would be difficult to justify. The prognosis of these patients is sufficiently good, in fact, that a disease-free benefit for tamoxifen
Introduction
Breast cancers are classified as steroid hormone receptorpositive or -negative tumors to decide on adjuvant endocrine therapy because only estrogen receptor (ER)-and/or progesterone receptor (PR)-positive tumors are thought to be responsive to selective estrogen receptor modulators like tamoxifen [1] . Adjuvant endocrine therapy accounts for almost two-thirds of the overall benefit of adjuvant therapy in patients with hormone receptor-positive breast cancer. However, a significant proportion of ER-positive tumors exhibit resistance to endocrine therapy. Clinical studies in lymph node-negative (LNN)/ER? patients show that the absolute distant disease-free survival benefit of tamoxifen therapy is only about 9%, with a relative benefit of about 30% [2, 3] . These benefits from treatment may, however, differ substantially according to, e.g., patient's age and the tumor level of ER [2] and it is therefore of importance to identify biomarkers that allow identification of those breast cancer patients who may actually benefit from adjuvant tamoxifen.
Microarray technologies profiling the entire human genome have successfully been used to classify breast tumors into clinically relevant subtypes [4] [5] [6] [7] and to build gene signatures to predict cancer metastasis [8] [9] [10] [11] and treatment response [12] [13] [14] . From a clinical point of view, it is of vital importance that the predicted risk groups have differential survival benefits by adjuvant systemic therapy in order to guide treatment decision-making. For example, the 21-gene oncotype DX test, which defines different prognostic risk groups in LNN ER-positive patients treated with adjuvant tamoxifen [15] , has revealed the benefit of chemotherapy in patients who were classified high-risk by the test [16] . However, there are no publications yet on any of the prognostic signatures identified so far to provide such information as to tamoxifen treatment.
We previously established and validated, both in singlecenter and multi-center studies, a 76-gene prognostic signature for prediction of distant metastasis in breast cancer patients [9, 17, 18] . In the present study, we investigated whether the 76-gene signature predicts survival and benefit from adjuvant endocrine therapy in LNN ER-positive patients who received adjuvant systemic therapy with tamoxifen alone.
Patients and methods

Patients
Frozen tumor specimens, clinical information and microarray data for breast cancer patients having received neither neoadjuvant nor adjuvant systemic therapy, were described previously [17] . Of the 180 patients, 164 with ER-positive tumors were included in the present study. For patients treated with adjuvant tamoxifen, frozen tumor specimens were selected from the tumor banks in three of the four European institutions that provided the samples of patients without systemic therapy, i.e., Institute of Oncology, Ljubljana, Slovenia (36 samples; 1997-1999), National Cancer Institute, Bari, Italy (28 samples; 1990-1998), and Technische Universitaet Muenchen, Germany (9 samples; 1992-1999) , and from one US institution, Cleveland Clinic Foundation (63 samples; 1981-2000). The distant metastasis-free survival (DMFS) among patients from different institutions was not different (log rank P = 0.63). All samples were drawn from the consecutive series of patients available in the institutions within the respective periods based on pre-defined inclusion criteria: histological diagnosis of LNN breast cancer, ER-positive primary tumor, adjuvant tamoxifen treatment, informed consent and/or approval by a local Ethical Committee, at least 5 years of follow-up except for patients who developed distant relapse within 5 years, no signs of disease within 1 month after primary surgery, and frozen tissue should be available. Exclusion criteria were: neoadjuvant or adjuvant chemotherapy, history of other primary cancer (except for basal cell carcinoma), less than 50% tumor area on hematoxylin/eosin (HE) section at time of extraction of RNA, or poor RNA quality. ER status was determined by immunohistochemical or biochemical assay, with 10% positive tumor cells or 10 fmol/mg cytosolic protein used as cutoff, respectively. In the present study, the reporting recommendations for tumor marker prognostic studies (REMARK [19] ) were adhered to where ever applicable. Patient and tumor characteristics are summarized in Table 1 . Adjuvant tamoxifen therapy was administered according to national guidelines at the time. Routine postsurgical follow-up was similar among the participating institutions and involved examination every 3 months during the first 2 years, every 6 months for years 2-5, and annually from year 5 of the follow-up period. Date of diagnosis of metastasis was defined as the date of imaging or histological confirmation of metastasis after complaints and/or clinical symptoms, or at regular follow-up. The surviving patients (n = 119) had a median follow-up time of 90 months (range 29-193 months). Twenty (15%) patients showed evidence of distant metastases with 12 (9%) having metastases within 5 years. A total of 17 patients died, with 6 dying without evidence of metastasis. These patients were censored at last follow-up in the analysis of DMFS.
Gene expression analysis
Total RNA was extracted from tumor tissues (median 90 mg; range 40-120 mg) at the Erasmus MC, Rotterdam, as described before [9] and at Cleveland Clinic Foundation, Cleveland, and was sent to Veridex LLC, San Diego, for further analysis. The median RNA yield was 82 lg (range 19-240 lg). RNA quality was checked by use of the Agilent BioAnalyzer, and samples were profiled only if they had clear distinct 18S and 28S peaks with no minor peaks present, the area under the 18S and 28S peaks was more than 15% of the total RNA area, and if the 28S/18S ratio was between 1.2 and 2.0. Biotinylated targets were prepared using published methods (Affymetrix, CA) [20] and hybridized to Affymetrix U133A GeneChips (Affymetrix, CA). Chips with average intensity of less than 40 or background signal of more than 100 were excluded. Each probe set was considered as a separate gene. Expression values for each gene were calculated using Affymetrix GeneChip analysis software MAS 5.0. For scaling, probe sets were scaled to a target intensity of 600 and scale mask filters were not selected.
Statistical methods
Based on our previous validation studies [17, 18] that reported hazard ratios (HRs) [ 5, and to achieve 80% power at a 0.05 significance level, we required at least 15 distant metastases and 60 non-metastases (assuming 20% prevalence) in the present study. A total of 300 samples met our inclusion criteria, thus 164 patients without adjuvant systemic treatment and 136 samples with tamoxifen therapy, which were included in this study.
The microarray data were nonlinearly normalized, using a cubic B-spline smoother, to ensure the same signal intensity distribution as the original discovery dataset used to establish the 76-gene signature [9] .
The disease relapse score was computed to classify each patient into either high-or low-risk for developing distant metastasis, as described previously [9] . Since all patients had ER-positive tumors, of the 76-gene signature only the 60 genes relevant for ER-positive tumors were used in the present calculation. Briefly, the calculation of the disease relapse score was as follows:
where w i is the standardized Cox regression coefficient for the 60 genes and x i is the expression value of the 60 genes in log 2 scale. Patients with a disease relapse score [0 were classified high-risk (poor 76-gene signature), those with a disease relapse score \0 low-risk (good 76-gene signature). Kaplan-Meier survival plots [21] and log rank tests were used to assess differences in DMFS of the predicted high-and low-risk groups.
Univariate Cox's proportional-hazard regression models were used to calculate HRs to quantify relative risk of distant metastasis in the high-risk group compared with that in the low-risk group predicted by the gene signature, as well as the relative risk of distant metastasis in the untreated patient compared with that in tamoxifen-treated patients for each of the risk groups predicted by the 76-gene signature. The multivariate Cox proportional-hazard regression model was used to compare the prognostic strength of the 76-gene signature with those of the traditional prognostic factors. The likelihood ratio test using a full model based on a natural cubic spline was used to check for the non-linearity of the disease relapse scores as the predictor in Cox models. All statistical analyses were performed using R version 2.6.2. The dataset has been submitted to the NCBI/Genbank GEO database (series entry GSE12093). 
Results
Patient and tumor characteristics
A total of 300 ER-positive tumors were included in this study. One-hundred and sixty-four samples were from our previous multicenter validation study [17] , which only included patients who received neither neoadjuvant nor adjuvant systemic therapy. The other 136 tumors included in the present study were from patients who had received adjuvant tamoxifen therapy only. The treated and untreated cohorts were similar with respect to patient and tumor characteristics except that the untreated patients were younger than the tamoxifen-treated patients ( Table 1 ). The tamoxifen-treated patients had a significantly lower rate of distant metastasis than the untreated patients, possibly due to the effect of therapy. However, caution should be taken to decisively interpret these results as an effect of tamoxifen therapy because the included patients did not participate in a randomized trial, but received local treatment according to institutional guidelines effective at the time of surgery. The 76-gene signature classified 184 (61%) patients high-risk and 116 (36%) patients low-risk.
The ratio of predicted high-risk versus low-risk patients was not different in the two cohorts (Table 1) .
Ten-year DMFS benefit of tamoxifen therapy in the predicted risk groups
The 76-gene signature, when applied to the 136 tamoxifentreated patients, stratified the tamoxifen-treated cohort into high-risk and low-risk groups (HR = 4.62, log rank P = 0.0248, Fig. 1a ). The 10-year DMFS of the low-risk group identified by the 76-gene signature was 96% compared with 77% for the high-risk group. The predicted high-risk group showed a better survival outcome than those of the previously reported validation studies that included only patients who did not receive any adjuvant systemic therapy [9, 17, 18] . This might be a result of the improvement of survival from the tamoxifen treatment. As a matter of fact, the 136 tamoxifen-treated patients did have a non-significant (7.2%) better 10-year DMFS than the 164 untreated patients (HR = 0.61, log rank P = 0.0890, Fig. 1b) . In Cox multivariate regression analysis for DMFS in all patients, including patient's age, tumor size and grade, and tamoxifen use, the 76-gene signature was an independent prognostic variable with a HR of 6.13 (Table 2) . When we applied the 76-gene signature to the complete cohort of 300 patients, the low-risk group of 116 patients predicted by the signature showed a 2.7% non-significant 10-year DMFS benefit of tamoxifen (HR = 0.73, Fig. 2a) . The predicted high-risk group of 184 patients identified by the 76-gene signature, however, showed a significant 10-year DMFS absolute benefit of 12.3% with tamoxifen therapy (HR = 0.52, log rank P = 0.0318). In this predicted high-risk group the 10-year DMFS for untreated and tamoxifen-treated patients was 64.7 and 77.0%, respectively (Fig. 2b) . This represents a 71% increase in benefit compared with the 7.2% absolute 10-year DMFS benefit for all patients without using the signature (Fig. 1b) .
Relationship of the disease relapse score and the magnitude of tamoxifen benefit A Cox proportional regression model was applied to calculate the relationship of probability of distant metastasis at 10 years with the disease relapse score. The likelihood ratio test for non-linearity indicated that a linear fit of the disease relapse score was sufficient (P = 0.52). It appeared that the magnitude of tamoxifen benefit increased as the disease relapse score increased and reached the maximum benefit at the score of 125 (Fig. 3) .
Discussion
In analogy with previous studies including only patients who did not receive adjuvant systemic therapy, showing a strong prognostic power of the 76-gene signature with HRs for DMFS ranging from 5.67 to 7.41 [9, 17, 18 ], the present study shows that in patients who received adjuvant tamoxifen therapy the 76-gene signature was able to identify a high-risk group with a poor prognosis (HR = 4.62). The 10-year DMFS of the low-risk group identified by the 76-gene signature was 19% better compared with that for the high-risk group. The excellent prognosis of tamoxifentreated (mainly postmenopausal) patients with a favorable 76-gene signature (96% distant metastasis free after 10 years) would imply that LNN/ER? patients do not need additional aggressive adjuvant chemotherapy, or incorporation of more expensive adjuvant endocrine options (e.g., aromatase inhibitors), if postmenopausal. Among the genomic studies to define signatures for responsiveness to endocrine therapy, commonly both treated and untreated patient groups are not simultaneously included [10, 12, 15, 22, 23] . Based on the results observed in the 136 tamoxifen-treated patients only, no conclusion can be drawn on whether the 76-gene signature is a prognostic factor, a predictive factor, or both. A prognostic factor is not necessarily also a predictive factor, or vice versa [24] . To address the question of whether the 76-gene signature may not only be a prognostic signature as determined before [9, 17, 18] , but may also be predictive for outcome on tamoxifen therapy, in the present study we have included an untreated control group. The control group consisted of the 164 LNN/ER? tumors from our previously untreated multicentric cohort [17] from the same European institutions that provided the tamoxifen-treated samples for the present study. One should keep in mind that to determine predictive information, a properly designed prospective study should ideally be performed. However, this type of study is no longer feasible in a prospective manner because untreated control groups can no longer be ethically included. The use of archived material, in the present study, and discussed previously [25] , can be very useful in spite of the drawbacks of lack of samples from randomized clinical trials. Taking the above-described considerations into account, in this study we report for the first time that the 76-gene prognostic signature not only can classify breast cancer patients into high-and low-risk disease recurrence groups, but may also predict which breast cancer patients will benefit from adjuvant tamoxifen therapy. High-risk patients classified by the 76-gene signature had a significant 12.3% absolute benefit from tamoxifen therapy, while the predicted low-risk patients only had a (non-significant) 2.7% absolute benefit from tamoxifen. This suggests that the high-risk patients classified by the 76-gene signature benefit substantially from adjuvant tamoxifen. Whether and to what extent these patients would benefit from additional chemotherapy or from the incorporation of new endocrine strategies i.e., with aromatase inhibitors in the therapy remains to be evaluated. Of note, the patients falling in the low-risk category as identified by the 76-gene signature have such an excellent prognosis on tamoxifen alone that the use of adjuvant chemotherapy would be difficult to justify. The prognosis of this group of these low-risk patients is sufficiently good, in fact, that it would be difficult to demonstrate an improvement in DMFS by tamoxifen in this group. Other potential benefits from adjuvant endocrine therapy, such as prevention of loco-regional relapse or contralateral breast cancer need to be weighed against potential side effects in each individual patient.
In conclusion, these results support the conclusion that the use of the 76-gene signature could refine clinical decision making on endocrine therapy in the clinic. We have demonstrated in this study that the 76-gene signature is not only predictive for disease recurrence, but also predicts benefit of tamoxifen in LNN/ER? breast cancer patients. The benefit was not equally strong in the different risk-groups identified by the 76-gene prognostic signature, but was confined to the high-risk patients. This supports our previous assertion that the predicted low-risk patients might be spared the burden of unnecessary (additional) chemotherapy [17] , and that even endocrine therapy might not be needed in all such cases.
